Introduction
============

The B7 family transmits both costimulatory and coinhibitory signals to T cells, thus controlling T cell-mediated immune responses and tolerance. B7-H4 (also known as B7S1 and B7x) is a recently discovered member of the B7 family \[[@B1],[@B2]\], and delivers a co-inhibitory signal that down-regulates T cell activation, thereby preventing T cell proliferation, cytokine secretion, and the development of cytotoxicity \[[@B1],[@B3],[@B4]\]. In vitro experiments have shown that B7-H4 inhibits T cell activation by down-regulating IL-2 production and arresting the cell cycles of both CD4+ and CD8+ T cells. In vivo experiments also support the assamption that B7-H4 functions as an inhibitor to T cell-mediated immunity \[[@B1],[@B3],[@B4]\].

B7-H4 plays an important role in the immune response mediated by tumors. B7-H4 mRNA transcripts are detected extensively in the spleen, lung, thymus, and other normal tissues; however, the protein is not detectable in these tissues \[[@B1]\]. In contrast, an increasing number of studies using human tumor samples have revealed that B7-H4 is overexpressed in various tumors, including breast \[[@B5],[@B6]\], ovarian \[[@B5],[@B7]\], renal \[[@B8]\], prostate \[[@B9]\], and non-small cell lung cancers \[[@B10]\], and that B7-H4 expression, as assessed using RT-PCR and IHC, is associated with disease progression. In addition, B7-H4 is expressed in tumor-associated suppressive macrophages \[[@B11]\] and the serum level of soluble B7-H4 is elevated in patients with renal cell carcinoma and ovarian cancer \[[@B12],[@B13]\]. Previous studies \[[@B5],[@B6],[@B14]\] have shown that the high expression of B7-H4 protein in breast cancer decreases the number of tumor-infiltrating lymphocytes and prevents tumor cell apoptosis.

Therefore, the B7-H4 protein is a negative regulator of the antitumor immune response and may play an important role in promoting tumor growth. To elucidate the functional and structural properties of B7-H4, several different epitope-specific antisera against B7-H4 have been raised in rabbits or goats. However, there is little mAb available that can be used for IHC or other analyses. In the present study, we developed a new mAb against the extracellular domain of B7-H4. This development had great utility for immunoblotting, indirect immunofluorescence staining, IP, flow cytometry, and IHc staining. And it also had inhibitive biological function to B7-H4. Accordingly, this monoclonal antibody will provide a powerful tool for the further investigation of B7-H4 function.

Materials and methods
=====================

Production of Anti-B7-H4 monoclonal antibody
--------------------------------------------

Living 3T3-mB7-H4 cells (5 × 10^6^), which were prepared as described previously \[[@B15]\], were used as immunogens to immunize 6 Balb/c mice (Shanghai Laboratory Animal Center, Chinese Academy of Sciences) one injection biweekly (every 2 weeks) repeated 4 times. The 2 mice with the highest antibody titer as determined by ELISA were boosted intraperitoneally with 3T3-mB7-H4 cells 3 days before cell fusion. Peritoneal macrophages from normal Balb/c mice used as feeder layer cells were prepared 1 day prior to fusion. Spleen cells from immunized animals were fused with Sp2/0 myeloma cells (ATCC, VA, USA) \[[@B16]\]. More than 100 independent hybridomas were obtained from 2 fusions. Pooled culture fluids from individual hybridoma cultures were screened for their reactivity with the lysates of 3T3-mB7-H4 cells using direct ELISA and by IP analysis. Lysates of 3T3 cells (ATCC) not transfected with B7-H4 were used as a control \[[@B17]\]. A positive hybridoma line of 3E8 was established by limiting dilution. Isotypes of the mAbs produced were identified using a mouse monoclonal isotyping kit (AbD Serotec, NC, USA). Further, the hybridoma cells were injected intraperitoneally into a Balb/c mouse to obtain ascites containing high concentrations of the mAb. The mAb was purified from mouse ascites using a protein L UltraLink Column (Pierce, IL, USA), and then stored at a concentration of 1.5 mg/mL.

Enzyme linked immunosorbent assay
---------------------------------

3T3-mB7-H4 or 3T3 cells (1 × 10^6^) were lysed in 200 μL Cell Lysis Buffer (Cell Signaling Technology, MA, USA) for 30 min at 4°C. The insoluble material was then removed by centrifugation at 8000 × g for 10 min. The concentration of protein in the lysate was determined using a BCA protein assay kit (Pierce) with BSA as the standard.

The lysate of 3T3-mB7-H4 cells, diluted to 10 μg/mL in 0.01 M coating solution concentrate (KPL Company, Maryland, USA), was coated onto highbinding polystyrene plates (Corning Life Sciences, MA, USA) at 100 μL per well, and\' incubated at overnight. The lysate of 3T3 cells not transfected with B7-H4 was used as a control. The wells were subsequently washed 5 times with PBS-Tween buffer (0.05% Tween 20 in PBS). The coated wells were blocked with 200 μL of 3% BSA for 2 h at room temperature and then incubated with 100 μL culture supernatant of hybridoma cells or different dilutions of the mAb against B7-H4. After incubation for 1 h at room temperature, the wells were thoroughly washed, and then incubated with 100 μL horseradish peroxidase-conjugated goat anti-mouse IgM (dilution 1: 5000; Santa Cruz, CA, USA) for 1 h at room temperature. The plates were developed using tetramethylbenzidine substrate solution (KPL Company) for 10\~20 min at room temperature. Color development was stopped with 2 M H~2~SO~4~and the absorbance was measured at 450 nm using a Model 680 microplate reader (Bio-Rad, CA, USA).

Western blotting analysis
-------------------------

Cell lysate preparation and western blotting analysis were performed according to previously described procedures. In brief, cell lysates were denatured for 10 min at 950C with SDS-PAGE sample loading buffer, electrophoresed on 10% SDS-PAGE gels, and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat milk in TBST \[20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% (v/v) Tween 20 and incubated with 3E8 mAbs or goat anti-B7-H4 polyclonal antibody (R&D Systems, MN, USA) for 2 h at room temperature. After thorough washing, the blots were incubated with HRP conjugated goat anti-mouse IgM antibodies (Santa Cruz) or rabbit anti-goat IgG antibodies (Santa Cruz). The reaction was developed using ECL reagents (Amersham, NJ, USA) and analyzed using a VersaDoc MP5000 imaging system (Bio-Rad).

IP analysis
-----------

B7-H4 was immunoprecipitated from the 3T3-mB7-H4 or 3T3 cells lysates. Individual samples (350 μg protein/sample) were immunoprecipitated using 3E8 mAb (2 μg/sample) coupled to protein L-Sepharose beads. The purified recombinant B7-H4 protein \[[@B18]\] immunoprecipitated with normal mouse IgM was used as an antibody control \[[@B16]\]. Western blotting was carried out using goat anti-B7-H4 polyclonal antibody as the primary antibody, followed by rabbit anti-goat IgG antibody coupled with HRP. The reaction was developed as described above.

Flow cytometry analysis
-----------------------

In order to analyze the specificity of antibody, leukemic cells such as U937, THP-1, HL60, and MM1R cells (ATCC) were used in this study. Each of cells (2 × 10^6^) was incubated with 3E8 mAb or goat anti-B7-H4 polyclonal antibody for 30 min at 4°C. The normal mouse IgM was used as an antibody control. Cells were washed and resuspended in a goat anti-mouse IgM coupled with FITC or donkey anti-goat IgG coupled with FITC (Jackson ImmunoResearch Laboratories, PA, USA) for 30 min at 4°C. Finally, cells were washed twice and samples were analyzed using a flow cytometer (FACScan, CA, USA).

Immunohistochemical staining
----------------------------

Tissue microarrays were obtained from Chaoying Biotechnology Co., LTD (Shanxi, China) for IHC staining. Tumor samples included those from the breast, uterus, and ovary. Clinical and pathological information for individual cancer samples was provided by the array manufacturers (for details see <http://www.cybrdi.cn>). IHC staining was carried out using 3E8 mAb as the primary antibody followed by reagents from the EnVision System (DAKO, CA, USA). Normal mouse IgM was used as an antibody control. Staining intensity (0 to 3, least intense to most intense) and the proportion of stained cells (0 to 4, no cells stained to more than 70% cells stained) were semi-quantitatively determined as previously described \[[@B19]\]. A combined score of ≥2 and ≥6 was considered to indicate positive expression and overexpression, respectively. All slides were scored by 2 observers blinded to the pathology and clinical features.

Spleen cell growth determined by MTS
------------------------------------

Spleen cells from normal Balb/c mouse (2 × 10^5^cells per well) were seeded in triplicate in a 96-well plate which was coated with anti-mouse CD3 mAb (R&D Systems). Then, the cells were incubated with the purified recombinant B7-H4 protein \[[@B18]\] (2ug/ml), 3E8 mAb (1 ug/ml, 2 ug/ml, and 5 ug/ml), or their admixture which was premixed for 30min. Normal mouse IgM (5 ug/ml) was used as an antibody control. After incubating the wells for 72 hours at 37°C, the wells were added with CellTiter 96^®^AQ~ueous~One Solution Cell Proliferation Assay (MTS) (Promega, WI, USA). After incubating the wells for 4 hours at 37°C, the OD of each well was measured using a Model 680 microplate reader at a wavelength of 490nm.

Cytokines determined by ELISA
-----------------------------

While in cytokines secretion assay, spleen cells were treated as above. The Cell culture supernatant was collected respectively after incubating the wells for 48 or 72 hours at 37°C The expression of IL-2, IL-4, IL-10 in 48h supernatant, and IFN-γ in 72h supernatant were determined with mouse cytokine ELISA kit (eBioscience, CA, USA), and was denoted by optical density at 450nm.

Statistical analysis
--------------------

All experiments were performed in triplicate. The data were analyzed using SPSS 11.0 software, and P \< 0.05 was considered to indicate a significant difference.

Results
=======

Isotype of the mouse monoclonal antibody against B7-H4
------------------------------------------------------

The 3E8 hybridomas that reacted selectively with B7-H4 in all assays were further evaluated. The isotype of the 3E8 mAb, determined using a mouse monoclonal isotyping kit (AbD Serotec), was an IgM with a **κ**chain (Figure [1](#F1){ref-type="fig"}). Immunofluorescence analysis confirmed that 3E8 binds to the extracellular sequences of B7-H4. Species cross-reactivity studies showed that 3E8 was specific to the human and mouse B7-H4 proteins (data not shown).

![**The isotype of mouse monoclonal antibody against B7-H4**. - The isotype of the 3E8 mAb, determined using a mouse monoclonal isotyping kit, was an IgM with a κ chain.](2047-783X-16-7-295-1){#F1}

Characterization of the 3E8 mAb specific to B7-H4
-------------------------------------------------

ELISA analysis revealed that compared with the control, the titer of 3E8 was high, as B7-H4 was detectable at a dilution of 1:20000 (Figure [2](#F2){ref-type="fig"}). The immunoreactivity of 3E8 mAb with the lysate of 3T3mB7-H4 cells is shown in Figure [3A](#F3){ref-type="fig"}. Mature B7-H4 is a 50- to 80-kDa glycosylated molecule with a 28-kDa protein core \[[@B5]\]. The 3E8 mAb specifically recognized protein bands of 28 and 57 kDa. The goat anti-B7-H4 polyclonal antibody also reacted with both proteins in the same experiment (Figure [3B](#F3){ref-type="fig"}) as controls, and similarly sized proteins were detected. ELISA and western blotting revealed that 3E8 can specifically recognize recombinant B7-H4 in mammalian cells.

![**ELISA analysis of anti-B7-H4 mAb**. - The lysate of 3T3-mB7-H4 cells, diluted to 10 μg/mL in 0.01 M coating solution concentrate, was coated onto high-binding polystyrene plates at 100 μL per well, and incubated at 4°C overnight. The lysate of 3T3 cells not transfected with B7-H4 was used as a control. The titer of 3E8 (at an original concentration of 1.5 mg/mL) was determined by ELISA and read at A~450~.](2047-783X-16-7-295-2){#F2}

![**IP and western blotting analysis with 3E8 mAb**. - A: Western blotting was carried out for B7-H4 from lysates of 3T3-mB7-H4 or 3T3 cells using 3E8 mAb, followed by goat anti-mouse IgM antibody coupled with HRP. B: Western blotting was carried out for B7-H4 from lysates of 3T3-mB7-H4 or 3T3 cells using goat anti-B7-H4 polyclonal antibody, followed by rabbit anti-goat IgG antibody coupled with HRP. 3E8 mAb (2 μ/sample). Western blotting was carried out for B7-H4 using goat anti-B7-H4 polyclonal antibody, followed by rabbit anti-goat IgG antibody coupled with HRP. Normal mouse IgM was used as an antibody control. Lane 1: lysate from normal 3T3 cells; Lane 2: lysate from 3T3-mB7-H4 cells; Lane 3: B7-H4 unrelated antibody control.](2047-783X-16-7-295-3){#F3}

The 3E8 mAb immunoprecipitates B7-H4 from cell lysates
------------------------------------------------------

Next we used IP to determine the ability of 3E8 mAb to recognize B7-H4 in its native state. Cell extracts were immunoprecipitated with the 3E8 mAb and analyzed by immunoblotting using a goat anti-B7-H4 polyclonal antibody. B7-H4 was selectively immunoprecipitated from 3T3-mB7-H4 cell lysates that expressed B7-H4 (Figure [3C](#F3){ref-type="fig"}). IP of lysates with mouse normal IgM did not result in detection of protein species. No corresponding band was visualized when the 3E8 mAb was used to immunoprecipitate lysates of normal 3T3 cells. Therefore, the 3E8 mAb specifically recognizes native B7-H4.

Flow cytometry analysis of B7-H4 expression in leukemic cells
-------------------------------------------------------------

We assayed the human lymphoid hematopoietic tumor cell lines U937, THP-1, HL60, and MM1R for expression of B7-H4 using flow cytometry. 3E8 mAb and goat anti-B7-H4 polyclonal antibody (used as a positive control) were used as probes to detect significant increases in fluorescence intensity in comparison to cells incubated with PBS (Figure [4](#F4){ref-type="fig"}). The binding efficiencies of U937, THP-1, HL60, and MM1R cells with 3E8 mAb were 98.4%, 88.4%, 72.2%, and 12.7%, respectively, whereas those with goat anti-mB7-H4 antibody were 98.9%, 91.0%, 84.6%, and 30.8%, respectively. No reactivity was detectable in the normal mouse IgM group (≤0.5%).

![**Flow cytometry analysis with 3E8 mAb**. - U937, THP-1, HL60, and MM1R cells (2 × 10^6^cells per sample in PBS) were incubated with 3E8 mAb or goat anti-B7-H4 polyclonal antibody for 30 min at 4°C. Normal mouse IgM was used as an antibody control. Cells were washed and resuspended in a solution of goat antimouse IgM coupled with FITC or donkey anti-goat IgG coupled with FITC. Finally, cells were washed twice and samples were analyzed using a FACScan flow cytometer.](2047-783X-16-7-295-4){#F4}

Assay of B7-H4 expression by immunohistochemical staining
---------------------------------------------------------

Three types of normal tissue and their corresponding cancerous tissues with case numbers from 22 to 30 in the tissue microarrays were subjected to IHC staining. Scores ≥6 were considered to indicate overexpression. In general, B7-H4 was stained with a diffuse pattern either in the membrane or in the cytoplasm of cells. Table 2 summarizes the results of these studies. Immunoreactive B7-H4 was detected in different types of normal tissue and their corresponding cancer cells with different expression patterns and intensities (Figure [5](#F5){ref-type="fig"}). Whereas most tissues expressed B7-H4 to some degree, samples with scores ≤2 were mostly observed in normal tissue with a predominantly apical membranous staining. Overexpression of B7-H4 (scores ≥6.0) was found only in tumor tissues.

                       Normal                                    Tumor            
  --------- ---------- ---------------- ------------- ---------- ---------------- -----------------
  Tissues   Case No.   No of positive   Total         Case No.   No of positive   Total
                                                                                  
  Breast    36         18               1,23 ± 0.78   43         39               6.43 ± 0.32\*\*
  Uterus    33         19               1.68 ± 0.38   56         52               6.28 ± 0.76\*\*
  Ovary     35         17               1.43 ± 0.34   48         45               6.53 ± 0.59\*\*

\*\*: vs normal tissue, P\<0.01

![**Expression of B7-H4 in normal tissues and corresponding cancer samples from breast, uterus, and ovary**. - Human normal and cancerous samples in tissue arrays were subjected to IHC staining using mAb 3E8. The reactions were visualized using reagents from a DAKO Envision System kit. Normal mouse IgM was used as an antibody control (data not shown). Samples were photographed and staining intensity (0 to 3, least intense to most intense) and the proportion of stained cells (0 to 4, no cells stained to more than 70% cells stained) were semi-quantitatively determined. A combined score of ≥6 was considered to indicate overexpression.](2047-783X-16-7-295-5){#F5}

Spleen cell growth and cytokines assays
---------------------------------------

B7-H4 can preven T cell proliferation, cytokine secretion \[[@B1],[@B3],[@B4]\]. In order to test the anti or activation effect of 3E8 on B7-H4, we analysed the normal mouse spleen cell growth and cytokines secretion while cultured with or without B7-H4 or 3E8 (Figure [6](#F6){ref-type="fig"}). The number of living cells and the expression levels of IL-2, IL-4, IL-10, and IFN-γ which were cultured with the admixture of 3E8 and B7-H4 was increased in a 3E8-concentration-dependent manner compared with living cells cultured with only B7-H4. And there was a significant difference while 3E8 was 5 ug/ml.

![**Spleen cell growth and cytokines secretion assays**. - A: Spleen cell growth determined by MTS. Spleen cells from normal Balb/c mouse (2 × 10^5^cells per well) were seeded in triplicate in a 96-well plate which was coated with anti-mouse CD3 mAb. Then, the cells were incubated with the purified recombinant B7-H4 protein, 3E8 mAb, or their admixture which was premixed for 30min. Normal mouse IgM was used as an antibody control. After incubating the wells for 72 hours at 37°C the wells were added with MTS. After incubating the wells for 4 hours at 37 OQ the OD of each well was measured using a Model 680 microplate reader at a wavelength of 490nm. The numbers of living cells were presented by OD490. B: Cytokines secretion determined by ELISA. Spleen cells were treated as above. The Cell culture supernatant was collected respectively after incubating the wells for 48 or 72 hours at 37°C The expression of IL-2, IL-4, IL-10 in 48h supernatant, and IFN-γ in 72h supernatant were determined with mouse cytokine ELISA kit. The expression levels of cytokines were presented by OD450. \*: vs Lane 33 and Lane 5, P \<0.05.](2047-783X-16-7-295-6){#F6}

Discussion
==========

The structure of B7-H4 as a GPI-linked molecule distinguishes it from other B7 family members. The 90% amino acid identity between mouse and human B7-H4 suggests an important evolutionarily conserved function. Thus, in this study, we established a 3T3-mB7-H4 cell line expressing extrinsic mB7-H4 on the cell membrane, and used this as an immunogen to immunize Balb/c mice in order to obtain mAbs specific to the human and mouse homologous fragments. The 3E8 mAb, an IgM with a **κ**chain, could specifically recognize the extracellular domain of B7-H4 with ELISA, IP, and western blot analysis.

Flow cytometry is a rapid, quantitative, multiparameter cellular analysis based on the measurement of visible and fluorescent light emission. We used 3E8 mAb for further characterization of B7-H4 based on the strong signals detected by immunofluorescence. Previous studies have shown that expression of B7-H4 was detected in some human tumor tissues and cells \[[@B15]\]. We assayed the human lymphoid hematopoietic tumor cell lines for expression of B7-H4 using flow cytometry. The results demonstrated that the mAb exhibits excellent reactivity when applied to leukemic cells. It indicated that the 3E8 mAb is effective for detecting B7-H4 using flow cytometry, and the positive tendency was consistent with the goat antiB7-H4 polyclonal antibody. It has been reported that B7-H4 is constitutively expressed on some leukemic cells derived from B-cell lymphoma cells \[[@B20]\]. Therefore, aberrant B7-H4 expression may provide a theoretical basis for the clinical detection and diagnosis of leukemia. Many studies have shown that monoclonal antibodies can be used for targeted therapy in clinical disease \[[@B21]\]. Thus, it may be possible to develop 3E8 mAb as a therapeutic monoclonal antibody for clinical therapy.

It is reported that B7-H4 was overexpressed in tumor tissues from the breast \[[@B6]\], ovary \[[@B22]\], and uterus \[[@B23]\]. In order to test whether the 3E8 mAb could be used in immunohistochemistry, we determined the expression of B7-H4 in tumor tissues from the breast, ovary, and uterus. The levels of B7-H4 expressed in various types of cancer samples were evaluated in a standardized and semi-quantitative manner using the 3E8 mAb. Samples with scores ≤2 were mostly observed in normal tissue with a predominantly apical membranous staining Overexpression of B7-H4 (scores ≥6.0) was found only in tumor tissues with a predominantly diffuse plasmalemmal or cytoplasmic pattern. These results are consistent with previous studies \[[@B5]-[@B7],[@B12],[@B13]\]. Thus, the 3E8 mAb can detect the expression of B7-H4 using IHC staining The identification of cancers with high rates of B7-H4 overexpression provides valuable information about the pathogenic potential of B7-H4 in tumor development and malignant progression. The aberrant B7-H4 expression and an mAb specific to B7-H4 may provide not only a new insight into the mechanisms of tumor occurrence and development but also a new method for the prevention and treatment of tumors \[[@B20],[@B21],[@B24],[@B25]\].

B7-H4 can inhibit the T cell proliferation and cytokines secretion such as IL-2, IL-4, IL-10, and IFN-γ \[[@B1],[@B3],[@B4]\]. The presence of recombinant B7-H4 at 0.5-3 μg/mL inhibited the anti-CD3-induced proliferation of T cells by 40-60 % (details seen the manual of B7-H4 in R&D system). So the concentration of B7-H4 in spleen cell growth and cytokines secretion assays was 2 μg/mL. And B7-H4 could inhibit the anti-CD3induced proliferation and cytokines secretion of spleen cells which were cultured with only B7-H4 (Figure [6](#F6){ref-type="fig"}).

Antibodies can specifically bind to its ligand and lead to target cell lysis or blocking the pathological process. So the development of the antibodies in particular humanized antibody drug plays an important role in clinical therapy of human malignant and other autoimmune diseases \[[@B26],[@B27]\]. In this study, 3E8 mAb can effectively stimulate T cell proliferation, and induce of IL-2, IL-4, IL-10, and IFN-γ production, suggesting that 3E8 mAb can block B7-H4 binding to its receptor, which closed down-regulation signal transduction of B7-H4 to T cell, and enhanced T cell reactivity to various antigens. 3E8 mAb as an inhibitor of B7-H4-mediated negative regulation of T cell activation, can activate the immune response. But the mechanism is still being researched. B7-H4 and anti-B7-H4 mAb as an important factor of T cell function can play specific therapeutic effects of disease which is high efficacy, through the intervention of immune microenvironment. And thus we can open up a new way of gene therapy. But at the same time, we should also note the potential impact of long-term application, such as B7-H4 mAb over-blocking signal of B7-H4 and its receptor leading to autoimmune diseases.

In summary, we generated specific mAbs directed against B7-H4. The mAb 3E8 exhibited the best performance in a variety of assays, including immunoblotting, IP, flow cytometry, and IHC staining. And the mAb could effectively inhibit the function of B7-H4 in the inhibition of T cell, while promoting the growth of T cells and the secretion of IL-2, IL-4, IL-10 and IFN-γ. This specific mAb may provide an ideal tool for further investigation of the function of B7-H4.
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